CdTe solar cells with back contacts formed by either (i) 15nm Cu evaporation followed by application of carbon conductive paste embedded with micron sized Cu particles in ZnTe powder and (ii) only with the above mentioned conducting paste, were evaluated. A Cu-related deep level defect with an activation energy of E a ∼ = 0.57 eV was observed for Cu evaporated back contact cells and an intrinsic defect with an activation energy E a ∼ = 0.89 eV was found for cells prepared only by ZnTe:Cu embedded carbon paste. Frequency dispersion in C-V measurements confirms the presence of Cu-related deep level traps for cells with Cu evaporated back contact whereas no such defects were observed in carbon paste contact. The behavior was believed to be due to diffusion of excess Cu from the contact. It was further observed that majority carrier deep level traps (Cu-related or intrinsic) contribute differently to the degradation of electronic properties of the CdTe solar cells.
Thin film n
+ -CdS/p-CdTe solar cell research has demonstrated 17.3% efficiency under 1-sun illumination. 1 A stable and nonrectifying back contact is required to maintain the long-term stability of these cells. Electron affinity in CdTe being high, a metal with high enough work function is suitable to form an Ohmic back contact. In the absence of a suitable metal, the back contact behaves like a Schottky barrier in series with the n + -CdS/p-CdTe junction diode. Cu-based materials as a back contact have become popular because Cu forms reasonably good Ohmic contacts in p-CdTe. 2 However, influence of Cu-based back contacts has been a significant cause of concern as Cu forms deep/semi-shallow defect sites that limits the cell efficiency. Cu related defects can decrease the lifetime, and hence reduced the open circuit voltage (V oc ) and fill factor (FF). Studies [3] [4] [5] have shown that interstitial Cu impurities can behave as donor but can be converted to acceptors when interacted with Cd vacancies and other Cu ions. Balcioglu et al. studied the Cu-related deep level impurities in polycrystalline CdTe/CdS solar cells. 6 An anneal step at higher temperatures [7] [8] [9] is generally used in the back contact formation process for the diffusion and dopant activation. During this step the diffusion of Cu into the CdTe layer is consistent with the reported high diffusion coefficients of Cu in CdTe. 10, 11 Different techniques are used to find out the Cu-related defects/traps in CdTe. 9, [12] [13] [14] [15] Also, the properties of the traps, related to copper, have been extensively studied. 16 Cu is a fast diffuser and it creates substitutional, interstitial and complex defects, so-called AX centers. Different energy levels have been observed by temperature dependent current density versus voltage (J-V-T) characteristics for copper doped CdTe. A more careful study, however, is needed to clarify the contribution of these levels.
In this work, we formed two different sets of Cu-based back contacts by (i) Cu evaporation (excess Cu) and by (ii) Cu doped ZnTe in carbon conductive paste (limited Cu). We have investigated the defects associated with individual contact type by using both temperature dependent J-V and frequency dependent C-V measurements. The J-V results were analyzed based on the Cu diffusion model for the frequency-dependent junction capacitance that is important to understand trap levels if they are near the depletion region of the CdS/CdTe junction. In addition, to elucidate any limitation in solar cell performance, junction capacitance measurements in the CdTe solar cells with excess amount of Cu were performed. The impact of the defects on the solar cell performance, mainly efficiency and fill factor was also evaluated. * Electrochemical Society Student Member.
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Experimental
The n + -CdS/p-CdTe solar cell diodes were fabricated with a process similar to that described by Rose et al. 17 The fabrication process, done at NJIT, was explained in detail elsewhere. 18 Two different sets of CdTe solar cells, namely cell 1 and the cell 2 is the variation of back contact process. For sets of cell 1 , 15 nm of Cu was directly evaporated using a thermal evaporator on the sample for 20 min. To avoid unwanted heating of and alloying with the sample during evaporation slow deposition process was used to have the required thickness. The deposition rate was found to be approximately 7.5 Å per minute. Slow deposition requires very low base pressure in evaporator so that it does not introduce impurities like O 2 into film. The film thickness was estimated using a time versus thickness curve that was prepared by measuring film thickness after depositing it on bare glass substrates considering the deposition time. Copper evaporation was followed by application of a paste that was prepared by stirring 4 g ZnTe (−140 mesh: Alfa Aesar-44412) with 2 atomic% of Cu, −625 mesh powder (Alfa Aesar-41205) into 10 g of conducting graphite paste (Acheson Electrodag 114). The paste is thinned as needed with methyl ethyl ketone (MEK) to prepare the samples. For the sets of cell 2 devices only the above mentioned carbon conductive paste with ZnTe:Cu was applied on the sample. Both the sets of solar cells were annealed at 160
• C for 30 minutes. The J-V characteristics were analyzed in the dark and under 1 sun illumination (∼100 mW/cm −2 for filtered xenon lamp) from the side through the "transparent" glass substrate. Using a Keithley 236 Source Meter temperature dependent J-V-T measurements were carried out. Sample temperature was varied from 25
• C to 100
• C on a micromanipulator probe station. For frequency-dependent C-V measurements in the dark condition the Agilent HP 4284A impedance analyzer was used. Figure 1 shows the J-V curves under the dark and 1-sun illuminated conditions for sets of cell 1 and cell 2 .
Results and Discussion
Results suggest that open circuit voltage is similar in both the sets of cells but cell 2 has a large drop in short circuit current density (J sc ). This indicates that photocurrent is voltage dependent in cell 2 due to enhanced leakage, caused possibly by reduction in lifetime of photo-generated carriers. At room temperature, the ideality factor, A in dark condition for sets of cell 2 (1.9) is higher than sets of cell 1 (1.3) indicating that the diffusion current and recombination current are comparable since typical A value lies between 1 and 2.
19 However, recombination current is dominant in sets of cell 2 . Table I outlines all the parameters observed for both the sets of cells. The barrier height was measured in both the sets of cells by using equation in reference. 16 We observed a higher efficiency in cell 1 devices as compared to cell 2 devices. Presence of varying degree of copper on the back contact has definitely some impact on the quantum efficiency (QE). 20, 21 In our group, work is currently in progress to evaluate its detailed impact on band-gap energy and the results will be published elsewhere.
Generally the J-V relation in heterojunction with Illumination of a generic solar cell with parasitic resistance can be described by any of the diffusion models, either the emission model or the recombination model 19 where the relation is represented by the standard diode equation
where q is the electronic charge, A is the effective ideality factor which includes recombination-generation and collection efficiency, T is the absolute temperature, J 0 is an effective reverse saturation current density, V is applied voltage, R s is the series resistance, k is Boltzmann constant R sh is the shunt resistance and J L is light current density. R s was calculated using the general formula R s = [
] −1 at high forward bias (0.6 to 1.3 V) from the J-V curve and R sh was calculated by using R sh = [
V =0 in reverse bias (−1 to −2 V) and included in the Table I . Note that the current is dependent on temperature T.
Analysis of the J-V-T (Reverse bias) at constant voltage yield the following relation to estimate the activation energy
where J 00 is a constant and E a is the activation energy. By plotting ln (J 0 T −2 ) versus 1000/T yields a straight line, where the activation energy of the charge carriers, can be estimated from the slope. Figure 2 shows the Arrhenius plot of ln (J 0 T −2 ) vs. 1000/T in the reverse bias at −1 V within the temperature range of 40
• C-100
• C for each cell. One deep defect/electron-trap was identified in sets of cell 1 with activation energy of 0.57 eV while deep defect/hole-trap was identified in sets of cell 2 with activation energy of 0.89 eV respectively. We attempt to identify the nature of traps from their position in the energy gap as determined by the J-V-T measurements. The trap energy level 0.57 eV of sets of cell 1 can be attributed to a deep defect related to copper. This is in good agreement with the activation energy (0.55 eV) for a Cu-related defect obtained from back contact processing, involving Cu and determined using the current-voltage characteristics. 22 Also, a deep level trap due to interstitial copper with activation energy of 0.55 eV was observed earlier determined by admittance spectroscopy. 23 It is well known that once the amount of Cu exceeds a threshold level at the back contact it diffuses to the CdTe layer to form Cu related defects either by forming substitutional complexes (Cu Cd − ) or interstitial defects (Cu i 2+ ). Balcioglu et al. 6 found through optical deep-level transient spectroscopy (ODLTS) measurements in polycrystalline CdTe/CdS solar cells that the most probable Cu-related defect is a deep donor and may be a doubly ionized Cu interstitial ion (Cu i ++ ). The observed concentration of the Cu i ++ defect corresponded well to the Cu diffusion profile monitored by secondary ion mass spectroscopy (SIMS) with a Cu piled up at the CdTe/CdS interface. 6, 24 It is, therefore, possible that this deep defect level is originated from the Cu-containing back contact due to diffusion of excess Cu that was evaporated. Since sets of cell 1 samples had higher concentration of copper with 15 nm evaporated copper in addition to ZnTe:Cu (2 atomic% Cu) paste, possible formation copper-related defect (E V + 0.57 eV) can be inferred, where E v is the energy at valence band edge. No such Cu-related defects were observed in sets of cell 2 samples simply due to the limited availability of Cu at the back contact. Note that sets of cell 2 only used ZnTe: Cu paste (2 atomic% Cu). The observed energy level of 0.89 eV is believed to be an hole trap. By using photo-induced current transient spectroscopy (PICTS), Rakhshani et al. 25 also observed this level, which was identified as the positive Cd i 2+ interstitial defect. It is, therefore, reasonable to assume presence of intrinsic defects like Cd i 2+ . To further confirm the presence of Cu in at the CdTe/CdS junction frequency dependent C-V measurements were carried out. A modulation voltage of 5 mV was applied and capacitance was measured within the range of −2 V to 0 V for reverse biased and 0.8 V to 2.0 V for forward biased CdS/CdTe junction. In polycrystalline CdTe solar cells when the applied voltage at the CdS/CdTe junction decreases (reverse bias increases) the depletion region extends toward the back contact. Depending on the thickness of absorber layer the entire CdTe absorber layer can be fully depleted. Because of the large amount of free carriers (10 23 cm −3 ) available in the back contact metal, a further increase of reverse bias brings virtually no change in depletion width in the p-CdTe layer. In our case the thickness of the CdTe layer is 12 μm and C-V measurement explores only part of the CdTe thickness from the junction. In addition, the depletion width can be further reduced due to the presence of of copper related charge sites from the back contact.
Reverse biased C-V characteristics of sets of cell 1 and cell 2 in the dark are shown in Fig. 3 frequency dispersion is opposite in nature for both the sets of cells. The reverse biased capacitance for sets of cell 1 shows that as the frequency increases capacitance reduces significantly below the low frequency level (Fig. 3) . For sets of cell 2 , on the other hand, capacitance increases with frequency. The frequency dependence is due to the finite time constant associated with the high concentration defects that are present in the depletion layer. 26 In sets of cell 1 when the signal frequency is increased, the reciprocal of emission time constant, the charge variation on the Cu-related deep centers (0.57 eV) in CdTe, cannot follow the signal voltage in the depletion layer and hence cannot contribute to the capacitance. 27, 28 For CdTe, the concentration of deep level defects is comparable to the doping level due the presence of Cu. In other words, depending on the Cu-related deep electron trap concentration the depletion layer edge was shifted as a function of frequency modifying the depletion layer width. In case of sets of cell 2 , due to the lack of Cu-related defects and the energy level of the observed defect level (0.89 eV) above the intrinsic Fermi level are responsible for the observed reverse effect as shown in Fig. 3 . Fig. 4 shows the forward-biased frequency dispersion of sets of cell 1 and cell 2 samples in the dark respectively. Assuming a two-diode model as described by Demtsu et al. 29 when a forward bias is applied across the device a voltage equivalent to built-in potential is dropped across the CdTe/CdS junction whereas the contact junction becomes reverse biased. According to this assumption, the CdTe thin film solar cell can be split into two depletion regions, the depletion region of the CdTe/CdS junction and a depletion region at back contact barrier region. Under dark condition, when the solar cell is forward biased the back contact junction is reversed biased 16, 30 limiting the current density. So the measured capacitance in forward bias represents mostly the contact junction capacitance. 16 As can be seen in Fig. 4 both the sets of samples have similar frequency dispersion behavior. Higher capacitance was observed for 100 kHz in both cases and once the frequency goes up (1 MHz) capacitance decreased. At 10 kHz there may be strong interference from the junction capacitance 16 in series with the contact capacitance showing a minimum in capacitance value in both devices. The time constant of intrinsic defects (∼10 ms) determines this behavior of frequency dispersion and is similar for both the cases. Only intrinsic traps adjacent to the contact, therefore, contributed to the capacitance, as most of the available Cu had diffused toward the CdTe/CdS junction and piled up in the depletion region. This further confirms our observation in the J-V characteristics and the assumption that defect level in the depletion layer of cell 1 samples is Cu-related. Figure 5 shows 1/C 2 versus V curves 19 of two cells in forward bias at 27
• C. It is apparent that the variations in back contact processing strongly influences the voltage dependence of the cell capacitance. At reverse bias sets of cell 1 exhibits a larger effective capacitance than sets of cell 2 . However due to the p-CdTe Schottky barrier of the back contact, the measured C is smaller than p-n junction's real capacitance. Therefore, the experimental results from the dark 1/C 2 versus V curves lead to a hole density for sets of cell 1 = 7 × 10 13 cm
instead of real acceptor concentration N a . As we know if the Cu substitutional acceptors are compensated by donor states Cu interstitial Cu i then hole density is lowered which is few order lower than the acceptor concentration, which is consistent with the measured value of hole density in cell 1 . 31 The donor compensation of acceptor is only significant when p < N a < N d . The hole density for sets of cell 2 = 3.52 × 10 14 cm −3 seems have donor states due to less amount of copper. A high trap density (N t = 10 15 cm −3 ) of defects resulting for deep donors at the CdS/CdTe junction could also contribute to the reduction in hole density. Contribution of higher amount of Cu in evaporated back contact in sets of cell 1 compared to sets of cell 2 is further confirmed.
The observed results indicate that presence of an intrinsic defects in the depletion layer significantly degrades the CdTe solar cell performance. 32 This was evident in the reduction of efficiency in case of sets of cell 2 . As discussed earlier the recombination current is dominant in sets of cell 2 indicating the influence of intrinsic defects. Frequency-dependent C-V characteristics also support the presence of majority carrier traps. This clarifies why the efficiency is low in sets of cell 2 . On the other hand even though there is a large concentration of Cu-related deep levels in sets of cell 1 these sites contribute to the hole concentration in the CdTe layer. Since the obtained hole concentration of p-CdTe keeps in the range of 10 14 -10 15 cm −3 , instead of desired level of 10 16 -10 17 cm −3 , resulting in lower junction band bending and back contact difficulty which contribute to a lower efficiency as compared to the reported value of 17.3% efficiency.
Summary
In summary, we have identified the difference between two different Cu containing back contacts by temperature dependent J-V characteristics. A Cu-related deep level was observed for high Cu containing back contact whereas an intrinsic deep defect level was observed for low Cu containing back contact due to the diffusion of Cu during post-processing annealing. This was further confirmed by the observed frequency dispersion behavior of Cu-related deep level
